Introduction
============

Stroke is a major cause of substantial disability and the fourth-leading cause of mortality in United States.[@B1] In Korea, the incidence of stroke is estimated to be 216 per 100,000 person-year, and it will steeply increase as the geriatric proportion of the population increases.[@B2] Recanalization of occluded cerebral arteries and reconstitution of brain perfusion before irreversible infarction occurs is the paramount therapeutic strategy for acute ischemic stroke. Prevention of acute deterioration, which is not uncommon in the acute stage of stroke, is also an important duty of all stroke physicians. However, the response to hyperacute revascularization treatment and acute management varies among patients. There are numerous reasons for such variability, but one plausible explanation includes individual vulnerability of the brain tissue to ischemic insults due to chronically accumulated minute injuries and the resultant decreased functional reserve capacity.

Scores of years of history for minute injuries leaves more or less a few stigmas. Well-known neuroimaging features include white matter hyperintensities (WMHs), silent brain infarction (SBI), and cerebral microbleeds (CMBs). In addition to traditional markers, perivascular space widening from localized or diffuse brain atrophy was recently suggested as one constituent of cerebral small vessel disease (SVD).[@B3] Such signs are usually treated as chronic ones, but there should have been an acute stage of such lesions when an ischemic insult first took place. In this context, recent discussions introduced a new concept that incidentally detected acute subcortical or cortical lesions on diffusion-weighted images may indicate chronic WMHs or SBI.[@B3]

In this review, we examine how these neuroimaging markers modify the prognosis after ischemic or hemorrhagic stroke and what mechanisms exist behind such modifications. Regarding the terminology of cerebral SVDs, we use WMH, SBI, and CMB in the current review because we assume these are the most neutral ones in view of pathology and imaging.

Prognostic impact of small vessel diseases on the outcomes after stroke
=======================================================================

Acute treatment of ischemic stroke
----------------------------------

Rapid reconstitution of cerebral blood flow through intravenous injection of alteplase or endovascular intervention is an established treatment for acute ischemic stroke patients to improve functional recovery and survival. However, this recanalization strategy is inevitably accompanied by various adverse effects, including hemorrhagic complications, in some cases.[@B4] Cerebral SVD can aggravate immediate- and long-term outcomes after acute treatment of ischemic stroke.

WMHs and CMBs have been gaining wide apprehension on this issue ([Table 1](#T1){ref-type="table"}). Advanced WMHs can increase the infarct core volume and number of irreversible lesions after major cerebral artery occlusion.[@B5] Likewise, the extent of WMH can delay immediate neurological recovery during the acute 24-hour period after onset[@B6] as well as functional recovery at 3 months after stroke.[@B7] However, in an analysis of 820 intravenously treated cases in Canada during 2.5-year period, the presence of SVD markers was not associated with the overall clinical outcome at 3 months but did increase the risk of symptomatic intracranial hemorrhage.[@B8] After endovascular recanalization treatment, an emerging but powerful alternative for intravenous alteplase, more extensive WMH was associated with an increased risk of hemorrhagic conversion and a shift in the 3-month modified Rankin scale score toward worse outcome.[@B9],[@B10]

From the earlier research of CMBs, it was related to the pathological process resulting minute brain bleeding and thus increases the incidence of hemorrhagic stroke in patients who regularly took aspirin or warfarin.[@B11],[@B12] In acute stroke, a series of case reports also raised a hemorrhagic suspicion from the presence of CMB.[@B13],[@B14] However, a subanalysis of the DEFUSE study and a retrospective analysis based on 279 cases contradicted these findings.[@B15],[@B16] In a pooled analysis of 570 intravenously treated acute stroke cases from 13 centers worldwide, the incidence of symptomatic hemorrhage slightly increased by 3% in cases with coexisting CMB, but this increase was not statistically significant.[@B17] However, the ongoing argument over this is not over yet. A meta-analysis of 5 papers that was published in 2013 reported that CMB was associated with a 2.3-fold increased odds of developing symptomatic hemorrhages after acute treatment, and the association was consistent among the included papers.[@B18] In 2014, two new reports were published on this issue. The mere presence of CMB was again not associated with symptomatic hemorrhage after intravenous alteplase injection. However, multiple CMBs substantially increased bleeding complications in the brain, and a graded relationship with the number of CMBs was noted.[@B19] Another group of researchers used the cutting-edge technology of susceptibility-weighted imaging and found that the presence of numerous CMBs on these images was not associated with the incidence of hemorrhagic complications.[@B20]

Currently, the presence of CMB itself is not considered to be a contraindication for hyperacute reperfusion treatment for ischemic stroke. However, considering the impact of multiple CMBs, a superfluous CMB may shift a physician\'s decision toward the discard of intravenous treatments. Further research is warranted. Likewise, a detailed analysis of the impact of CMB location (such as cortex, deep or infratentorial region) has not been performed.

Functional recovery after stroke
--------------------------------

In parallel to the previous discussion, coexisting cerebral SVDs deteriorate functional recovery after stroke ([Table 2](#T2){ref-type="table"}). In an observational analyses of consecutive ischemic stroke patients, the extent of WMH was associated with a higher modified Rankin scale score at 3 months and 1 year after stroke on-set.[@B21],[@B22] WMH in striatocapsular infarction was also shown to be inversely correlated with functional recovery after removing the confounding effect of age.[@B23] Such an association was again documented in cases with peripheral arterial stiffness without stroke history.[@B24] Recovery from stroke is a function of the widespread neural network and its ability to compensate for the damaged structures and neural connections to adapt to a decreased functional status.[@B25],[@B26] However, we still do not have detailed information regarding functional outcomes after stroke in cases with SBI or CMB.

Secondary prevention of ischemic stroke
---------------------------------------

A stroke physician\'s main concern after hyperacute stroke treatment is the neurological and medical stabilization of the stroke patient as well as long-term secondary prevention against the recurrence of stroke or vascular events ([Table 3](#T3){ref-type="table"}). Traditionally, the neuroimaging markers of cerebral SVDs are known to elevate the risk of recurrent events. However, one should be cautious in interpreting these reports, because it is still difficult to make a precise distinction between the direct effects of SVD markers and bystander phenomena from shared vascular risk factors causing systemic micro- and macrovasculopathies.

WMH has been reported to increase the incidence of vascular diseases, including stroke, in a series of cohort studies based on the community-dwelling general population. In a US cohort study conducted within a healthy population with combined cerebral WMH and retinopathy, both of which are easily detectable microvascularopathies in the living, there was an 18-fold higher 5-year cumulative incidence of stroke.[@B27] A European cohort study also reported similar findings that a healthy elderly person with SBI or WMH has a 3- to 4-fold increased risk of future stroke.[@B28] The finding was duplicated in a community cohort study from Japan with 16-year of follow-up in which an excessive risk of mortality from SBI and WMH was reported.[@B29] In this context, further reports have discussed the prognostic impact of cerebral SVDs including rapid deterioration of cognitive impairments.[@B30] In a follow-up analysis from the LADIS study, the progression of WMH as well as cross-sectional status correlated with development of a new lacunar infarction.[@B31] However, a new lacunar infarction does not imply a symptomatic one.

In parallel to the reports from the general population, a worse prognosis with cerebral SVDs was also documented in a high-risk population with established cardiovascular disease. The extent of WMH or SBI increased the risk of lacunar infarction,[@B32] ischemic stroke and myocardial infarction,[@B33] and mortality or ischemic stroke.[@B34],[@B35] CMB, in contrast to WMH or SBI, represents the bleeding tendency of an individual\'s brain and may behave differently from other markers in secondary prevention.[@B36] In a pooled analysis of 3,067 ischemic stroke or transient ischemic attack patients from 10 cohort studies, patients with CMB had a consistently elevated risk of recurrent stroke, both hemorrhagic and ischemic.[@B37] A subgroup analyses was performed according to ethnic group, and interestingly, Asian stroke survivors with CMB had a significantly higher risk of hemorrhagic stroke, but not of ischemic stroke. As discussed in the previous section, further studies involving CMBs should consider the number and location of lesions in addition to their mere presence.

SBI has been studied relatively less frequently than WMH or CMB. An interesting hypothesis was suggested recently that SBI, which usually presents as an old infarction, does not have different properties than symptomatic lacunar infarcts, and their size and location are the determining factors for their presenting symptoms.[@B38] In light of this hypothesis, subjects with baseline SBI were reported to have a higher incidence of future stroke,[@B39] and symptomatic lacunar infarct patients also have an increased risk of recurrent stroke.[@B40]

In terms of vascular pathology, it will be both interesting and inspiring to determine whether the prognostic impact of SVD markers, supposedly from microvasculopathies, differs according to the mechanism of ischemic stroke. Researchers from the United Kingdom tried to answer this question by analyzing a 10-year OXVASC cohort and reported that the prevalence of WMH was higher in ischemic stroke patients with small vessel occlusions, but not with other mechanisms.[@B41] This mechanistic approach would be a practical alternative to investigate this issue, as human brain specimens are hard to collect and there is no sufficient animal model of cerebral SVDs. However, readers should be cautious for any circular reasoning in investigating SVDs in ischemic stroke mechanisms.

Neurocognitive outcomes
-----------------------

It is not hard to imagine that the long-term trajectory of cognitive functions in patients with cerebral SVDs will deteriorate, as SVD markers are neuroimaging phenomena indicating cumulative cerebral injuries ([Table 4](#T4){ref-type="table"}). The total volume and location of WMH is associated with worsening of neurocognitive outcomes,[@B42] and the progression of WMH can be accompanied by a modest decline in performance on a battery of neuropsychological tests.[@B43] The presence of SBI was associated with a 2- to 3-fold increase in the incidence of dementia[@B44],[@B45] and with decreased cognitive domain functioning, including visual field defects, language functions psychomotor slowing, delayed recall, and gait disturbance.[@B46],[@B47],[@B48],[@B49] Cognitive outcomes after SBI are likely to depend on the infarct location.[@B50] Interestingly, in one report, SBI was associated with bipolar disorder with psychotic symptoms in a \>50-year-old population.[@B51] CMBs behave similarly to WMH or SBI, as they may also cause destructive lesions, [@B52],[@B53] but we do not have detailed reports regarding this issue. In a small series of reports, CMBs were associated with cognitive dysfunction and gait instabilities.[@B49],[@B54] However, we currently do not know whether it is safe to treat CMBs equally in cases with ischemic stroke and cerebral amyloid angiopathy, as amyloid vasculopathy may intervene in the latter cases.

Hemorrhagic stroke
------------------

The prognostic modification of cerebral SVD markers after ischemic stroke has been duplicated in cases with hemorrhagic stroke ([Table 5](#T5){ref-type="table"}). In a population-based cohort study performed in the United States, the extent of WMH rated on magnetic resonance scans was associated with 71 spontaneous intraparenchymal hemorrhages during a median 13-year follow-up period, and the authors of the study also documented dose-response relationship.[@B55] In Korea, the ABBA (Acute Brain Bleeding Analysis) study and accompanying ABBA-ICH studies recruited a large number of hemorrhagic stroke patients with both intraparenchymal hemorrhage and subarachnoid hemorrhage.[@B56] The ABBA-ICH cohort contributed a few major findings regarding cerebral SVD and outcomes of hemorrhagic stroke, including extent of leukoaraiosis (a proxy of cerebral WMH visualized on computed tomography scans), worsening of the Glasgow Coma Scale score immediately after hemorrhagic stroke, and long-term mortality.[@B57] Likewise, coexisting leukoaraiosis detected on computed tomography scans was associated with an increased risk of extension of hematoma into ventricles.[@B58] Such WMHs were also inversely related to poor functional recovery after spontaneous intracerebral hemorrhage.

In the earlier period of research, CMB was highlighted in association with the aftermath following hemorrhagic stroke.[@B59] In summary, the prevalence of CMB in patients with incident hemorrhagic stroke was estimated at 50%-70%, which is noticeably higher compared to that in ischemic stroke (20%-40%. Coexisting CMBs in spontaneous intracerebral hemorrhage cases correlated with the volume of hematoma.[@B60] Multiple lobar CMBs, which are interpreted in terms of cerebral amyloid angiopathy, were also associated with the incidence of symptomatic lobar hemorrhage.[@B61]

Unifying concept in view of brain aging
=======================================

Although not infrequently found and easily detected by routine neuroimaging studies, the pathophysiology of and underlying mechanisms in the development of cerebral SVD have not been elucidated in detail. Exposure to vascular risk factors, aging, and endothelial injuries initiate the pathomechanisms leading to SVD, but the detailed mechanisms of various appearances remain unknown. Peculiarity in the small vessels of the human brain is accepted as an explanation. In contrast to the usual rodent models used for biomedical research, the human brain has a relatively larger volume of white matter and the developmental process of cerebral SVD may be prolonged. Hence, current animal models do not easily mimic lacunar infarctions or the accumulation of chronic injuries.

Recent advances have allowed the opportunity to develop animal models based on rare genetic disorders to enable stroke researchers to make experimental modes for WMH, SBI, and CMB. One of the most promising models was created with substitutions of glycine residues in the collagenous domain of the *Col4A1* or *Col4A2* gene,[@B62] which resulted in defects in the basement membrane of cerebral small vessels.[@B63] When the genetically modified animal reached adulthood, spontaneous multifocal recurrent hemorrhage developed in the brain, suggesting that this may be used as an experimental model for CMB. Progress has also been made through missense mutations that alter the number of cysteine residues in the extracellular domains of NOTCH3, also known as CADASIL, which is discussed in another article in the current issue.

Prolonged exposure to aging, vascular risk factors, and unknown offenders may provoke various changes in the brain tissue and cerebral vascular beds. Such changes usually relate to structural and functional modifications of the blood-brain barrier (BBB), functionally composed of endothelial cells, with adherens junctions and tight junctions. Accumulated injuries in endothelial cells lead to structural derangement of the BBB, including the basement membrane and its barrier function, which also causes elongation of cerebral capillaries and increased permeability of the barrier.[@B64],[@B65] This situation would have two impacts: 1) heightened intraparenchymal inflammation from the oxidative stress caused by extravasation of blood-derived components over the BBB,[@B66] and 2) modest but chronic cerebral hypoperfusion and a resultant decrease in cerebral protein synthesis.[@B67] The latter would be insufficient to cause any prominent infarcts, but associated oligemic states may lead to subsequent disruption of microcirculation and additive damage to the cerebral endothelium and BBB, resulting in a positive-feedback loop of chained injuries ([Figure 1](#F1){ref-type="fig"}).[@B68] The overall process of endothelial injury, a permeable BBB, structural derangement of microvascular beds, parenchymal inflammation, and decreased protein synthesis will determine the individual vulnerability to future profound or minute insults from various noxious stimuli. In this context, cerebral SVD, which is a manifestation of the pathologic chain of injuries, will be a marker for individual susceptibility, but not a protagonist for the prognosis after stroke ([Figure 2](#F2){ref-type="fig"}). Although there is a significant gap between occlusions of small arteries and extravasation of hemoglobin through the permeable BBB, the various manifestations of cerebral SVD would not make effect by their own roles but will have intertwining relations and prognostic impact for stroke survivors.

Conclusions
===========

Various neuroimaging markers of cerebral SVDs, including WMHs, SBI, and CMBs, are poor prognostic markers for ischemic and hemorrhagic stroke survivors in terms of immediate response to recanalization treatment, functional recovery, recurrent vascular events, and neurocognitive trajectories. Among them, CMB has been highlighted as a predictor of future hemorrhage (as its name suggests). Until now, detailed and specific pathophysiologic information regarding the generation and manifestation of cerebral SVD has been lacking. Further studies using newly developed methodological innovations, including genetically modified animal models, proteomic investigations, or biomarker studies, are needed.[@B69],[@B70]
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###### Prognostic impact of cerebral small vessel diseases (SVD) in acute treatment of ischemic stroke
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AIS, acute ischemic stroke; a/w, associated with; CT, computed tomography; IV, intravenous; MRI, magnetic resonance image; mRS, modified Rankin scale; tPA, tissue plasminogen activator.

###### Prognostic impact of cerebral small vessel diseases on the functional recovery after stroke
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a/w, associated with; F/U, follow-up; IS, ischemic stroke; mRS, modified Rankin scale.

###### Prognostic impact of cerebral small vessel diseases for incident or recurrent stroke
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ARIC, Atherosclerosis Risk in Communities Study; a/w, associated with; CT, computed tomography; F/U, follow-up; IS, ischemic stroke; MRI, magnetic resonance imaging; mRS, modified Rankin Scale; SMART-MR, Second Manifestations of ARTerial disease-Magnetic Resonance.

###### Prognostic impact of cerebral small vessel diseases (SVD) on neurocognitive outcomes after ischemic stroke
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a/w, associated with; CHS, Cardiovascular Health Study.

###### Prognostic impact of cerebral small vessel diseases (SVD) in hemorrhagic stroke patients
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ARIC, Atherosclerosis Risk in Communities Study; a/w, associated with; CHS, cardiovascular Health Study; ICH, intracerebral hemorrhage.
